Complete biodegradation of the surfactant linear alkylbenzenesulfonate (LAS) is accomplished by complex bacterial communities in two steps. First, all LAS congeners are degraded into about 50 sulfophenylcarboxylates (SPC), one of which is 3-(4-sulfophenyl)butyrate (3-C 4 -SPC). Second, these SPCs are mineralized. 3-C 4 -SPC is mineralized by Comamonas testosteroni KF-1 in a process involving 4-sulfoacetophenone (SAP) as a metabolite and an unknown inducible Baeyer-Villiger monooxygenase (BVMO) to yield 4-sulfophenyl acetate (SPAc) from SAP (SAPMO enzyme); hydrolysis of SPAc to 4-sulfophenol and acetate is catalyzed by an unknown inducible esterase (SPAc esterase). Transcriptional analysis showed that one of four candidate genes for BVMOs in the genome of strain KF-1, as well as an SPAc esterase candidate gene directly upstream, was inducibly transcribed during growth with 3-C 4 -SPC. The same genes were identified by enzyme purification and peptide fingerprinting-mass spectrometry when SAPMO was enriched and SPAc esterase purified to homogeneity by protein chromatography. Heterologously overproduced pure SAPMO converted SAP to SPAc and was active with phenylacetone and 4-hydroxyacetophenone but not with cyclohexanone and progesterone. SAPMO showed the highest sequence homology to the archetypal phenylacetone BVMO (57%), followed by steroid BVMO (55%) and 4-hydroxyacetophenone BVMO (30%). Finally, the two pure enzymes added sequentially, SAPMO with NADPH and SAP, and then SPAc esterase, catalyzed the conversion of SAP via SPAc to 4-sulfophenol and acetate in a 1:1:1:1 molar ratio. Hence, the first two enzymes of a complete LAS degradation pathway were identified, giving evidence for the recruitment of members of the very versatile type I BVMO and carboxylester hydrolase enzyme families for the utilization of a xenobiotic compound by bacteria. Volume 78 Number 23 aem.asm.org 8255 on January 30, 2020 by guest http://aem.asm.org/ Downloaded from a Substrate disappearance during the reactions was confirmed by HPLC-UV (data not shown). b Determined as disappearance of cosubstrate NADPH (0.5 mM) in Tris-HCl buffer (pH 8.0, 50 mM) at 25°C. BVMO and Esterase for Degradation of Sulfoacetophenone December 2012 Volume 78 Number 23 aem.asm.org 8257 on January 30, 2020 by guest http://aem.asm.org/ Downloaded from ACKNOWLEDGMENTS We are grateful to Alasdair McLeod Cook and to Hans-Peter Kohler for their continuing support and helpful discussions, to DOE-JGI for making the C. testosteroni KF-1 genome available, and to several practical students for their help on individual experiments.
L inear alkylbenzenesulfonate (LAS) is the major synthetic laundry surfactant in worldwide use, with an annual production of approximately 3 million tons per year (22) . The commercial preparation of LAS is nominally constituted of a mixture of 20 congeners of secondary 4-sulfophenylalkanes (secondary C 10 -to C 13 -LAS), 18 of which are chiral (22) . This complex mixture of congeners and enantiomers is completely degraded by complex heterotrophic aerobic bacterial communities in two steps ( Fig. 1 ) (11, 40, 52) . In the first step, bacteria utilize the alkyl chains of LAS for growth, by acquisition of acetyl coenzyme A (acetyl-CoA) through beta-oxidation of the alkyl moiety, and release a complex mixture of approximately 50 short-chain 4-sulfophenylcarboxylates (SPCs; C 4 to C 9 chain lengths) and related SPC-like intermediates, as observed with our model organism for primary LAS degradation, Parvibaculum lavamentivorans DS-1 T (37, 38, 41, 43) . For an example relevant in this paper, the primary degradation of a C 10 -LAS congener, (R,S)-4-sulfophenyldecane (2-C 10 -LAS), by P. lavamentivorans DS-1 T yields (R,S)-3-(4-sulfophenyl)butyrate (3-C 4 -SPC) as a major product (see Fig. 1 for the structures).
In the second step, the SPCs (and the other products) are completely degraded by other heterotrophic bacteria to cell material, CO 2 , water, and sulfate (40, 42, 45) . For this ultimate degradation step, our work with pure cultures of SPC-utilizing bacteria has shown that many different organisms must be active, because all known SPC-degrading representatives have a narrow substrate spectrum of only 3 to 4 individual SPC-like compounds (40, 45) .
Any detailed information on the LAS and SPC degradation pathways, particularly the enzymes and genes involved, is still absent. In this study, we used the SPC-degrading bacterium Comamonas testosteroni KF-1 (40) and its available genome sequence (Genomes Online Database [GOLD] ID Gi01330), the proposed 3-C 4 -SPC degradation pathway (see below), and the single SPC available as a substrate for strain KF-1 (chemically synthesized 3-C 4 -SPC [42] ) as our model system in the attempt to reveal the first enzymes and genes of a complete degradation pathway for LAS.
Our recent work (42) strongly suggested that an NADPH-dependent Baeyer-Villiger monooxygenase reaction is employed in the degradation pathway for 3-C 4 -SPC in C. testosteroni KF-1 (Fig.  1 ). Baeyer-Villiger monooxygenases (BVMOs) are a specific type of oxidoreductase (EC 1.14.13.x), found in many different organisms, for the catalysis of a variety of oxidation reactions, including Baeyer-Villiger oxidations (1) in which aliphatic, cyclic, and/or aromatic ketones are converted to esters or lactones by the insertion of an oxygen atom into the higher substituted carbon-carbon bond of the carbonylic substrate (e.g., see reference 19) . In the 3-C 4 -SPC pathway in C. testosteroni KF-1, the identified carbon-ylic metabolite 4-sulfoacetophenone (SAP; 4-acetylbenzenesulfonate) ( Fig. 1 ) was indicated to be converted by an unknown, strictly NADPH-dependent SAP BVMO enzyme (SAPMO) to 4-sulfophenyl acetate (SPAc) ( Fig. 1) (42) . The ester, which is stable, was shown to be cleaved by an unknown esterase to yield 4-sulfophenol (4-hydroxybenzenesulfonate) and acetate ( Fig. 1 ) (42) . The precedents for this reaction sequence in strain KF-1 ( Fig.  1 ) can be found in Pseudomonas strains that convert a structural analog of SAP, carbonylic 4-hydroxyacetophenone (HAP), to 4-hydroxyphenyl acetate (HPAc) using an NADPH-dependent HAP BVMO enzyme (HAPMO), which is subsequently hydrolyzed to hydroquinone and acetate by an esterase (HPAc esterase) (20, 28, 33, 34) . HAPMO belongs to a large family of so-called type I BVMOs within the family of flavoprotein monooxygenases; these enzymes are NADPH dependent, contain flavin adenine dinucleotide (FAD), and share a highly conserved "BVMO fingerprint" sequence motif (12) . Type II BVMOs use NADH and flavin mononucleotide (FMN) and contain no BVMO fingerprint motif (25) .
The BVMO-esterase reaction sequence from SAP via SPAc to 4-sulfophenol and acetate in C. testosteroni KF-1 ( Fig. 1 ) allowed for the first proposition of a reasonable SPC degradation pathway in bacteria (42) . Briefly, the upper part of the 3-C 4 -SPC pathway leading to SAP is thought to involve the utilization of a first C 2 unit from the C 4 side chain of 3-C 4 -SPC, most likely by a reaction sequence in analogy to beta-oxidation and, thus, an abstraction of acetyl-CoA (see schematic representation in Fig. 1 ) (for details and structures, see reference 42). The lower 3-C 4 -SPC pathway, i.e., after the proposed BVMO-esterase reaction sequence and from 4-sulfophenol further via aromatic ring cleavage to central metabolites, is thought to proceed via 4-sulfophenol 2-monooxy-genation to 4-sulfocatechol, followed by 4-sulfocatechol orthoring cleavage (9, 15, 16 ) (see schematic representation in Fig. 1 ) (for details and structures, see reference 42).
In the present study, we focused on the two readily accessible enzyme reactions in the 3-C 4 -SPC degradation pathway in C. testosteroni KF-1, catalyzed by predicted SAPMO and SPAc esterase, and report that the genome sequence of C. testosteroni KF-1, kindly made available by the Joint Genome Institute of the U.S. Department of Energy (DOE-JGI), contains four valid candidate genes for BVMOs and that one of these genes encodes SAPMO. The SPAc esterase was also identified.
MATERIALS AND METHODS
Growth conditions. C. testosteroni KF-1 (DSM 14576) was isolated in our laboratory (40) . A phosphate-buffered mineral salts medium (49) supplemented with 3-(4-sulfophenyl)butyrate (6 mM) or succinate (15 mM) as the sole carbon source was used. Cultures in the 3-ml scale were incubated in glass tubes (Corning) on a roller and cultures in the 0.1-to 2-liter scale in Erlenmeyer flasks on a shaker at 30°C in the dark. Cultures were inoculated (1%) with cultures pregrown with the same substrate.
Chemicals. Standard chemicals were obtained from Sigma-Aldrich, Fluka, or Merck. 4-Sulfoacetophenone (4-acetylbenzenesulfonate) was purchased from ABCR (Karlsruhe, Germany), 4-sulfophenol acetate (1phenol-4-sulfonate-acetate) from Synchem (Felsberg-Altenburg, Germany), and biochemicals (NADH, NADPH, NAD ϩ , and NADP ϩ ) from Biomol (Hamburg, Germany). Racemic 3-(4-sulfophenyl)butyrate was synthesized as described previously (40) .
RNA preparation and RT-PCR. RNA preparation and reverse transcription (RT)-PCR were performed as described previously (35) , with the following modifications. After cells were grown in the appropriate selective medium (5 ml) and harvested in the mid-exponential growth phase (optical density at 580 nm [OD 580 ] Ϸ 0.3), the cell pellets were stored at Ϫ20°C in RNAlater RNA stabilization solution (Ambion, Ap- (39, 41) . In a second step, the SPCs are mineralized by other bacteria, represented here by Comamonas testosteroni KF-1, which is able to utilize 3-C 4 -SPC for growth (40) . None of the enzymes or genes for LAS and SPC degradation has been identified thus far.
plied Biosystems). Total RNA was prepared using the E.Z.N.A. bacterial RNA kit (Omega Bio-Tek) following the manufacturer's instructions; the RNA preparation obtained (40 l) was treated with RNase-free DNase (2 U for 30 min at 37°C) (Fermentas). For cDNA synthesis, Moloney murine leukemia virus (MMLV) reverse transcriptase (Fermentas) was used following the manufacturer's instructions; the reaction mixtures contained 0.2 g total RNA and 20 pmol sequence-specific primer. The primer sequences used are provided in Table S1 in the supplemental material and were purchased from Microsynth (Balgach, Switzerland). PCRs (20-l scale) were done using Taq DNA polymerase (Fermentas) and the manufacturer's standard reaction mixture (including 2.5 mM MgCl 2 ). As the template, cDNA from RT reactions (2 l of RT reaction mixture), genomic DNA (4 ng DNA) for PCR-positive controls, or non-reversetranscribed total RNA (2 l) for confirmation of the absence of DNA impurities in the RNA preparations was used.
Preparation of cell extracts and purification of native enzymes. C. testosteroni. KF-1 cells were harvested in the exponential growth phase by centrifugation (15,000 ϫ g for 20 min at 4°C) and stored frozen (Ϫ20°C). Cells were resuspended in 50 mM Tris-H 2 SO 4 buffer (pH 8.0 or pH 9.0) containing 0.03 mg ml Ϫ1 DNase I (Sigma) and 2 mM MgCl 2 and disrupted by three to four passages through a French pressure cell (140 MPa at 4°C) (Newport Scientific, Inc./AMINCO, Silver Spring, MD). Whole cells and debris were removed by centrifugation (15,000 ϫ g for 20 min at 4°C) to obtain crude extract, and membranes were removed by ultracentrifugation (60,000 ϫ g for 30 min at 4°C) to obtain the soluble fraction; the membrane pellets were resuspended in 50 mM Tris-H 2 SO 4 buffer (pH 8.0 or pH 9.0) to obtain the membrane fraction.
For purification of native SPAc esterase, the salinity of the soluble fraction (in 50 mM Tris-H 2 SO 4 buffer, pH 9.0) was increased to 1.7 M ammonium sulfate through dropwise addition of ammonium sulfate solution (3.4 M) while stirring on ice. The precipitated proteins were collected (15,000 ϫ g for 20 min at 4°C), and the supernatant was passed over a PD10 column (Pharmacia) equilibrated with 50 mM Tris-H 2 SO 4 buffer, pH 9.0, for desalting. The protein solution was then subjected to anionexchange chromatography on a Mono Q HR (high-resolution) 10/10 column (Pharmacia) equilibrated with 50 mM Tris-H 2 SO 4 buffer, pH 9.0, at a flow rate of 1 ml min Ϫ1 . Bound proteins were eluted by using a linear Na 2 SO 4 gradient (to 0.2 M in 45 min and to 0.5 M in 10 min), and fractions (3 ml) were collected; the esterase activity eluted at about 80 mM Na 2 SO 4 in two fractions. Active fractions were pooled, their salinity was increased to 1.7 M ammonium sulfate (see above), and they were subjected to hydrophobic interaction chromatography on a phenyl-Superose HR 10/10 column (Pharmacia) equilibrated with 1.7 M ammonium sulfate in 50 mM Tris-H 2 SO 4 buffer, pH 8.5; the esterase activity eluted at about 150 mM Na 2 SO 4 in two fractions, which were pooled and concentrated using a Vivaspin (10-kDa cutoff; Sartorius, Goettingen, Germany). Finally, gel filtration on a Superose 12 (HR 10/30; Pharmacia) was performed in 50 mM Tris-H 2 SO 4 buffer, pH 9.0, including 150 mM sodium sulfate, at a flow rate of 0.4 ml min Ϫ1 . Standard high-molecular-weight proteins (aprotinin, RNase A, carbonic anhydrase, ovalbumin, conalbumin, and aldolase) were used to calibrate the column.
For separation of native SAPMO, the resuspension buffer (50 mM Tris-H 2 SO 4 , pH 8.0) was supplemented with FAD and NADP ϩ , each at 50 M concentration, and 10% (vol/vol) glycerol. Anion-exchange chromatography on a Mono Q column and gel filtration were performed as described above, using 50 mM Tris-H 2 SO 4 buffer, pH 8.0, supplemented by FAD and NADP ϩ (100 M each).
Heterologous expression of the Comamonas testosteroni SAPMO gene in Escherichia coli and purification of the recombinant protein.
Chromosomal DNA was isolated by phenol-chloroform extraction, and the gene (locus tag CtesDRAFT_PD5437) amplified by PCR using Phusion HF DNA polymerase (Finnzymes) and a primer pair that is given in the supplemental material (see Table S1 ); the PCR conditions were 30 cycles of 20 s at 98°C for denaturation, 20 s at 58°C for annealing, and 90 s at 72°C for elongation. The PCR product was separated by agarose gel electrophoresis, excised, and purified using the QIAquick gel extraction kit (Qiagen), followed by ligation into an N-terminally His 6 -tagged expression vector using the Champion pET100 directional TOPO expression kit (Invitrogen). OneShot TOP10 E. coli cells (Invitrogen) were transformed with the construct and the correct integration of the insert confirmed by sequencing (GATC-Biotech, Konstanz, Germany). For expression, BL21 Star (DE3) OneShot E. coli cells (Invitrogen) were transformed with the construct and grown at 37°C in LB medium containing 100 mg/liter ampicillin. At an OD 580 of Ϸ0.6, the culture was induced by the addition of 0.5 mM isopropyl-␤-D-thiogalactopyranoside. The cells were grown for an additional 5 h at 20°C, harvested by centrifugation (15,000 ϫ g for 20 min at 4°C), and stored frozen (Ϫ20°C). Cells were resuspended in buffer A (25 mM Tris-HCl, pH 8.0, 50 M FAD, 50 M NADP ϩ , 10% [vol/vol] glycerol) containing 0.03 mg ml Ϫ1 DNase I (Sigma) and disrupted by four passages through a precooled French pressure cell (140 MPa; Newport Scientific, Inc./AMINCO, Silver Spring, MD). Cell debris was removed by centrifugation (15,000 ϫ g for 10 min at 4°C), and membranes by ultracentrifugation (60,000 ϫ g for 1 h at 4°C). The soluble fraction was loaded on a Ni ϩ -chelating agarose affinity column (1-ml column volume; Macherey-Nagel, Germany) preequilibrated with buffer A (see above), followed by a washing step using 20 mM imidazole in buffer A. The His-tagged protein was eluted using 200 mM imidazole in buffer A, concentrated using a Vivaspin (50-kDa cutoff; Sartorius, Germany), and stored at Ϫ20°C after the addition of glycerol to a 30% (vol/vol) final concentration.
Enzyme assays. The activities of native and recombinant SAPMO were followed routinely as the decrease of absorption of the cosubstrate NADPH at 365 nm (ε ϭ 3.5 ϫ 10 3 M Ϫ1 cm Ϫ1 ) (2) to avoid interference with substrates 4-hydroxyacetophenone, 4-aminoacetophenone, and 4-hydroxypropiophenone at 340 nm or, occasionally, as substrate disappearance by reversed-phase high-pressure liquid chromatography (HPLC) with UV detection (HPLC-UV; see below) or substrate-dependent oxygen consumption with a Clark-type oxygen electrode (42) . The standard reaction mixture (1 ml) contained 50 mM Tris-HCl (pH 8.0), 0.5 mM NADPH, 0.5 mM SAP, and SAPMO as present in cell extracts or in partially purified preparations (2 to 50 g total protein) or in the form of the purified recombinant enzyme (13 g total protein). The K m for NADPH was determined when its concentration was varied (from 0.005 to 0.3 mM) while keeping the SAP concentration constant (0.5 mM). The K m s for SAP and other carbonylic substrates (Table 1) . All substrate stocks were dissolved in ethanol at concentrations such that the final ethanol concentrations in the reaction mixtures did not exceed 2% (vol/ vol). The activities were plotted using hyperbolic fit in Origin (Microcal Software, Inc.). The pH optimum of SAPMO was determined when the pH of the reaction buffer was varied from pH 5.2 to 10.5 (8) . The thermostability of SAPMO was determined as described for phenylacetone BVMO (PAMO) (32) , with the enzyme incubated at different temperatures (22 to 47°C) for 1 h, followed by the determination of activity under routine conditions (see above).
SPAc esterase was routinely spectrophotometrically measured as the increase of absorption of the reaction product 4-sulfophenol at 280 nm (ε ϭ 0.9 mM Ϫ1 cm Ϫ1 ) or, occasionally, as substrate disappearance and product formation by HPLC, as described previously (42) .
Analytical methods. SAP and other aromatic ketones tested (Table 1) and SPAc, NADPH, and NADP ϩ were analyzed by reversed-phase HPLC with UV detection (HPLC-UV) using a Nucleosil C 18 column (125 by 3 mm with a particle size of 5 m; Macherey-Nagel, Germany) and a gradient system (mobile phase A, 20 mM potassium phosphate buffer, pH 2.2, and eluent B, 100% methanol, with a flow rate of 0.5 ml/min); the gradient program was 100% A for 3 min to 35% B in 3 min to 75% B in 11 min, 75% B for 6 min to 100% A in 1 min, followed by reequilibration for 10 min. The retention times of the analytes were as follows: SAP, 8 (24) . Soluble protein was assayed by protein-dye binding (6) . Denatured proteins were separated by 16% or 13% SDS-PAGE gels and stained with Coomassie brilliant blue R250 (23) . Stained protein bands were cut from the gel and subjected to peptide fingerprinting-mass spectrometry (PF-MS) at the Proteomics Facility of the University of Konstanz (www.proteomics-facility.uni-konstanz.de) to identify the corresponding genes; the MASCOT engine (Matrix Science, London, United Kingdom) was used to search against a local amino acid sequence database of all annotated genes (DOE-JGI Integrated Microbial Genomes [IMG], 16 August 2011 version) and a local database of the translated (6 frames) nucleotide sequence of the genome of Comamonas testosteroni KF-1.
RESULTS

BVMO candidate genes in the genome of C. testosteroni KF-1.
SAPMO is strictly NADPH dependent (42) , and four valid candidate genes for NADPH-dependent (type I) BVMOs ( Fig. 2A) were found in the unclosed draft genome sequence of strain KF-1 (6.026 Mbp, 5,492 protein-coding genes; unpublished data) when prototype NADPH-dependent (type I) Baeyer-Villiger monooxygenase sequences (e.g., of HAPMO) were used for the search (IMG BLASTp); the candidates share up to 57% amino acid sequence identity with representatives of the type I Baeyer-Villiger monooxygenases (see Discussion; for sequence alignment, see Fig. S1 in the supplemental material). Three of the four predicted BVMO genes (BVMO1 to BVMO3 genes) are located next to a candidate gene for a corresponding esterase (alpha/beta-fold hydrolase), either directly downstream on the same strand (est1 and est2) or directly upstream in divergent orientation (est3) ( Fig. 2A) . Notably, the BVMO2 and BVMO3 gene candidates are each clustered with predicted genes for acyl-CoA metabolism, and the BVMO3 candidate gene cluster appears to be framed by two Tn3 family transposase genes ( Fig. 2A ) that share Ͼ99% nucleotide sequence identity (see Discussion). Finally, the BVMO1 gene candidate is located next to the protocatechuate meta-ring cleavage pathway operon (Pmd operon) identified in a different C. testosteroni strain (31), and the BVMO4 gene candidate is clustered with putative genes for arsenic resistance ( Fig. 2A) .
Transcriptional analysis of BVMO gene candidates. SAPMO is inducibly expressed (42) , and reverse transcription-PCR (RT-PCR) was used to test whether any of the attributed candidate BVMO genes is inducibly transcribed during growth with 3-C 4 -SPC. The results (Fig. 2B) suggested that the candidate BVMO3 gene was strongly induced during growth with 3-C 4 -SPC but not during growth with succinate, whereas no signals for the candidate BVMO1 and BVMO2 genes were detectable under any growth conditions tested; the BVMO4 gene candidate exhibited negligible transcription during both growth conditions tested. Furthermore, when tested by RT-PCR, a strong induction of esterase gene candidate est3 was indicated ( Fig. 2A ) (data not shown) during growth with 3-C 4 -SPC but not during growth with succinate. Hence, we had the first experimental support that the candidate BVMO3 and est3 genes could encode SAPMO and SPAc esterase, respectively, in C. testosteroni KF-1.
Partial purification, some characteristics, and identification of SAPMO. The SAPMO activity in cell extracts of 3-C 4 -SPC- grown C. testosteroni KF-1 appeared to be labile, as observed previously (42) , but supplementation of all buffers with glycerol, FAD, and NADP ϩ (51) increased the activity and the stability. Under these conditions, the membrane-free soluble fraction exhibited a specific SAPMO activity of up to 0.12 mol min Ϫ1 mg Ϫ1 , about 10-fold higher than observed previously (42) and, hence, closer to the calculated in vivo activity of 0.29 mol min Ϫ1 mg Ϫ1 (42) . Furthermore, the enzyme could be stored frozen without significant loss of activity, whereas about 50% of the activity was lost after 1 day at 4°C, no matter whether it was kept under air or nitrogen. After a first purification step (anion-exchange chromatography using Mono Q), about 50% of the total activity was lost, but the specific activity had increased 8-fold to 0.96 mol min Ϫ1 mg Ϫ1 ; a second Mono Q step at a higher pH was unsuccessful (no activity), as was a gel filtration step (no purification) (data not shown). We used the partially purified native SAPMO (Mono Q fraction) to determine apparent K m values for SAP and NADPH of 23 M (Ϯ2 M) and 6.3 M (Ϯ1.2 M) (means Ϯ standard deviations), respectively, which confirmed a high affinity of the enzyme to the substrates (see below); NADH could not replace NADPH as the cosubstrate (42) . Furthermore, the activity of SAPMO with some structural analogues of SAP was tested (see below): 4-hydroxyacetophenone (HAP), 4-aminoacetophenone, and 4-nitroacetophenone appeared to be good substrates, whereas neither cyclohexanone nor acetone was accepted, and these substrates were not inhibitory, as judged by normal activity upon the addition of SAP.
We anticipated a 60-kDa protein to be enriched in SAPMO active fractions compared to SAPMO inactive fractions when observed by denaturing SDS-PAGE, hence, a protein band representative of the monomer encoded by the BVMO3 candidate (predicted molecular mass, 59.8 kDa); the other three BVMO gene candidates encoded proteins with lower molecular masses (approximately 38 to 55 kDa). A valid band (at around 60 kDa) was observed, cut from the gel, and subjected to peptide fingerprinting-mass spectrometry (PF-MS) (data not shown), which attributed locus tag CtesDRAFT_PD5437 to it (score, Ͼ500, and coverage, Ͼ45%), i.e., the BVMO3 gene candidate ( Fig. 2A) . Three other prominent protein bands visible in the active fraction at lower molecular masses (approximately 58, 52 and 46 kDa) were also identified by PF-MS, but the fingerprints did not match those of any BVMO candidate genes (the locus tags identified were Ct-esDRAFT_PD5455, _PD3982, and _PD1824 for acetyl-CoA acetyltransferase, threonine synthase, and isocitrate dehydrogenase, respectively).
Heterologous expression of the SAPMO candidate gene and characteristics of the purified enzyme. The SAPMO candidate gene (BVMO3) was cloned and overexpressed in E. coli as a soluble, N-terminally His 6 -tagged protein that could be purified via nitrilotriacetic acid (NTA)-agarose affinity chromatography (see Materials and Methods). SDS-PAGE ( Fig. 3) confirmed that a prominent protein band at approximately 60 kDa had appeared in cell extracts after isopropyl-␤-D-thiogalactopyranoside (IPTG) induction and that a single protein band at approximately 60 kDa (with negligible impurities at around 30 kDa) was obtained from the affinity chromatography step. The purified recombinant protein of C. testosteroni catalyzed an NADPH-dependent oxygenase reaction with SAP, as routinely assayed as the photometrical decrease of absorption of the cosubstrate NADPH. Furthermore, the disappearance of SAP and NADPH and the formation of SPAc and NADP ϩ during the reaction were confirmed by HPLC analysis of samples taken during the reaction (see below); SAP-specific, NADPH-dependent oxygen consumption was confirmed with an oxygen electrode (42; data not shown). The activity of the recombinant enzyme showed an apparent K m of 61.7 M (and a V max of 2.8 mol min Ϫ1 mg Ϫ1 ) for the reaction with SAP (Table  1) ; therefore, the K m value was slightly higher than that determined for the native semipurified enzyme (see above). As illus-trated by the kinetic parameters shown in Table 1 , the recombinant SAPMO of C. testosteroni also catalyzed the conversion of several other aromatic ketones, during which the uncoupling rate (NADPH disappearance in the absence of a substrate) was negligible (0.03 mol min Ϫ1 mg Ϫ1 ). Interestingly, the conversion of phenylacetone (phenyl-2-propanone) occurred at a rate (and affinity) that was similar to the conversion of SAP (Table 1) , whereas specific activities were lower for the other substrates, decreasing in the order 4-aminoacetophenone, 4-hydroxyacetophenone (HAP), 4-nitroacetophenone, 4-hydroxypropiophenone, acetophenone, and benzaldehyde (Table 1 ). However, the highest substrate affinity was determined for the reaction with HAP (K m , 35.9 M). Notably, progesterone, cyclohexanone, and acetone did not affect any measurable activity when tested under the conditions we used, and these substrates were not inhibitory as judged by normal activity upon the addition of SAP. The pH optimum of the SAPMO reaction, around pH 8, was determined to be broad. Furthermore, the temperature stability of SAPMO was determined as described for phenylacetone BVMO (PAMO) (32) ; however, the loss of about half of the activity after 1 h at a temperature of 30°C compared to the activity in the control reaction with enzyme that had been stored at 4°C indicated that SAPMO of C. testosteroni is not heat stable.
Purification, identification, and characterization of SPAc esterase. The SPAc esterase was highly active (1.5 mol min Ϫ1 mg Ϫ1 ) ( Table 2 ) in comparison to the calculated in vivo activity (0.3 mol min Ϫ1 mg Ϫ1 ) (42) . The enzyme was in the soluble fraction, and a three-step purification protocol ( Table 2 ) was sufficient to obtain an essentially pure protein, as observed by SDS-PAGE (Fig. 4, lane 3) ; a further slight increase in purity was achieved by gel filtration (Fig. 4, lane 4) to obtain, finally, a 125fold-purified homogenous protein with a yield of 12% ( Table 2 ). The protein band was cut from the gel and analyzed by PF-MS, which identified locus tag CtesDRAFT_PD5438 (score, Ͼ800, and coverage, Ͼ60%) in the C. testosteroni KF-1 genome; thus, this is the esterase gene candidate est3 ( Fig. 2A) . The predicted molecular mass of the gene product was 33.604 kDa, which matched the mass observed for the denatured protein by SDS-PAGE ( Fig. 4 ). Furthermore, a native molecular mass of about 30 to 40 kDa was indicated during the calibrated gel filtration-chromatography run; thus, a monomeric structure of the enzyme is very likely. The purified enzyme catalyzed the conversion of the substrate SPAc to the products 4-sulfophenol and acetate in a 1:1:1 stoichiometry (not shown), which confirmed our earlier observations made with crude extracts (42) . An apparent K m value of 27 M (Ϯ6) for SPAc (V max ϭ 255 mol min Ϫ1 mg Ϫ1 ) was determined, showing a high affinity of the enzyme to its substrate. Finally, preincubation of the purified enzyme for 5 min at 30°C, 37°C, or 45°C did not result in a significant loss of activity (33) , and 25% of the initial activity remained after 5 min of incubation at 60°C (see Discussion). Reconstitution of the reaction sequence from SAP via SPAc to 4-sulfophenol. The two pure enzymes, SAPMO and SPAc esterase, were used to demonstrate quantitative NADPH-dependent formation of SPAc from SAP over time, followed by quantitative formation of 4-sulfophenol from SPAc and, hence, a stoichiometric conversion of SAP to 4-sulfophenol. Recombinant SAPMO was incubated with 0.5 mM SAP and 1.25 mM NADPH, and samples for HPLC-UV analysis were taken at intervals. After 30 min, purified esterase was added, and the reaction mixture was monitored further by HPLC-UV. The data obtained ( Fig. 5 ) confirmed quantitative conversion of SAP to 4-sulfophenol through SAPMO and SPAc esterase, including the transient appearance of quantitative amounts of SPAc. Furthermore, the HPLC-UV data confirmed quantitative NADPH conversion to NADP ϩ during the SAPMO reaction, and a quantitative formation of acetate was confirmed by gas chromatography in a sample taken after the SPAc esterase reaction (data not shown).
DISCUSSION
LAS is on the market and effectively degraded by microbes for over 50 years (36) . It has also been known for many years that SPCs are intermediates in the degradation of LAS, but the microbial degradation pathway for short-chain SPCs resisted all attempts at elucidation (7, 10, 47, 53) until we established that SAP, SPAc, and 4-sulfophenol ( Fig. 1) are intermediates in the 3-C 4 -SPC degradation pathway in C. testosteroni KF-1 and that a BVMO and an esterase must be involved (42) . Now, the first two enzymes (and genes) in the 3-C 4 -SPC degradation pathway are known, a type I Baeyer-Villiger monooxygenase (EC 1.14.13.x) as SAPMO (locus tag CtesDRAFT_PD5437) and a carboxylesterase (EC 3.1.1.1) as SPAc esterase (locus tag CtesDRAFT_PD5438).
Research on BVMOs has progressed at an impressive pace in recent years (reviewed in reference 25), since an increasing number of BVMOs from various sources have been cloned and characterized, with several crystal structures available, for the aim of understanding their complex reaction mechanisms. In addition, there is interest in exploiting their diverse substrate preferences and extraordinary enantio-, regio-, and chemoselectivities for biotechnological applications, as well as in altering their characteristics through directed evolution (reviewed in reference 25). In the present study, we revealed an example of how bacteria are exploiting BVMOs to access a novel carbon and energy source for their growth; in this case, in C. testosteroni KF-1 for the utilization of the xenobiotic 3-C 4 -SPC, derived from primary degradation of commercial LAS surfactants. Interestingly, it appeared that the identified SAPMO and SPAc esterase gene cluster ( Fig. 2A ) could have been mobilized recently from a different location into the genome of strain KF-1 as part of a catabolic transposon (e.g., see reference 50). First, the identified genes (together with other predicted catabolic genes, discussed below) are framed by two Tn3 family transposase genes ( Fig. 2A) with nearly identical sequences (99.9%) that, upon closer inspection (not shown), appear as complete insertion sequence (IS) elements of the IS1071 family (i.e., the 110-bp inverted repeats, which are 99.8% identical to the archetypal IS1071 of C. testosteroni BR60 [30] ). IS1071 elements have frequently been identified in close proximity to various xenobiotic degradation genes in environmental bacteria (4, 18, 30, 35) and have been shown to transpose at high frequencies in C. testosteroni strains (48) . Second, homologous gene clusters of SAPMO and SPAc esterase genes framed by IS1071 elements were not found in the other two C. testosteroni genomes available, those of strains S44 and CNB-2 (27, 54) (nor on plasmid pCNB1 of C. 
FIG 5
Reconstitution of the reaction sequence from SAP via SPAc to 4-sulfophenol using the purified SAPMO and SPAc esterase enzymes, as followed by HPLC-UV analysis of samples taken at intervals during the reactions. SAPMO (15 g protein ml Ϫ1 ) and SPAc esterase (0.7 g protein ml Ϫ1 ) were added sequentially (arrows) to a reaction mixture that contained 0.5 mM SAP () and 1.25 mM NADPH (not shown), which led to the formation of SPAc (OE) and 4-sulfophenol (o), respectively. For clarity of the illustration, the data set showing a stoichiometric NADPH-to-NADP ϩ conversion during the first reaction (determined by HPLC-UV) was omitted in this graph.
